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摘   要 
 
Si 基激光器是 Si 基光电集成回路中最关键，也是最具挑战性的元器件之一。
Si 基 Ge 材料不仅与成熟的 Si 微电子工艺相兼容，而且具有准直接带特性，工作
波长在光通信波段，被认为是实现 Si 基激光器最有希望的材料之一。基于能带
改性工程，对 Si 基 Ge 材料施加较大的张应变以及提高 Ge 材料的 n 型掺杂浓度
能有效地提高 Ge 材料的直接带发光效率。本论文主要围绕如何提高 Si 基 Ge 材
料直接带发光效率而展开工作，其主要工作内容和创新点如下： 
1、采用 Van de Walle 形变势理论计算了应变对 Ge 材料能带结构的改性以及
掺杂的应变 Ge 材料中载流子的分布特点；在此基础上通过分析 Ge 中载流子的
复合竞争关系，计算了张应变 n 型掺杂 Ge 作为增益介质的直接带辐射跃迁内量
子效率和光增益。理论计算结果表明通过提高 Ge 材料的张应变和 n 型掺杂浓度
可有效提高 Ge 的直接带辐射跃迁发光效率，实现与Ⅲ-Ⅴ族材料相比拟的光增
益。 
2、采用 UHV/CVD 系统，提出低温 Ge 关联岛缓冲层技术，在 Si 衬底上制
备出低位错密度高质量的Ge外延材料，位错密度小于 1x106cm2，AFM测得 10 m 
x 10 m 范围内表面粗糙度 RMS 低至 0.45 nm，是目前国际上报道的位错密度最
低的材料之一。 
3、研究了在 Si 衬底上外延 Ge 过程中 P（磷）原位掺杂技术。发现由于较
低温外延引入点缺陷和位错的作用，杂质 P 在外延 Ge 中的扩散比在体 Ge 中的
扩散快。而 P 在硼掺杂的锗层中扩散变慢。建立扩散模型认为缺陷的存在形成
PV2-对，加速了 P 在本征 Ge 层中的扩散；当存在硼杂质补偿时，PV2-对比较容
易获得一个空穴形成 PV-对，从而抑制了 P 在硼掺杂的锗层中的扩散。通过在 pn
掺杂界面插入本征层的方法获得界面比较陡峭的 pn 结，具有良好的整流特性，
整流比达到 1.84x102。对不同 n 型掺杂浓度的 Si 基外延 Ge 进行室温下 PL 谱测
试，结果表明随着掺杂浓度的升高，Ge 直接带隙发光峰强增强。 
4、研究了 Ge 浓缩制备 SGOI/GOI 材料的技术。Ge 浓缩前 SOI 衬底上外延
的 SiGe 原材料如果为高度弛豫并且表面粗糙度较高，则在 Ge 浓缩的过程中会















衬底上外延了表面较平整的应变 SiGe 原材料，通过优化 Ge 浓缩工艺，成功地
制备得到 12 nm 的 GOI 材料。 
5、提出制备局域应变薄的 GOI 材料的方法，在国际上首次通过介质保护图
形侧壁的方式，成功制备出具有较高张应变薄的 GOI 材料，其张应变可以达到
0.6%以上。ANSYS 模拟结果表明，Ge 薄膜周围的介质材料与 Ge 材料热失配是
在 Ge 薄膜中产生较高张应变的主要原因。室温 PL 谱测试结果表明引入张应变
有效地提高了 Ge 的直接带隙发光效率，与理论计算结果相吻合。 
6、设计了 SiGe/Ge/SiGe pin 二极管结构，通过 Silvaco 软件模拟了该异质结
构的能带图和注入载流子分布，实验上利用 Ge 浓缩的方式制备出 SiGe/Ge/SiGe 
pin 二极管的 Ge 有源区，测试并分析相应的电学特性。 
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Silicon-based laser is inarguably the most challenging element in silicon 
photonics. Germanium-on-Silicon (Ge-on-Si) has emerged as one of the most 
promising materials possibly to be integrated on Si substrate for silicon photonics due 
to its quasi-direct band nature and compatible with conventional CMOS processes. 
The direct band light emission efficiency of Ge can be improved strongly with band 
engineering including large tensile strain and electron band filling. This thesis focuses 
on using band-engineered germanium as the optically active material for silicon based 
light emitters. The following are the details: 
1. The band structure of tensile-strained germanium has been investigated based 
on the theory of Van de Walle deformed potential. The carrier distribution in the 
conduction band at Γ and L vallies versus the strain and n-type doping concentratoin 
in germanium has been analysized. With the competition among radiative 
recombination and non-radiative recombination, the internal quantum efficiency and 
optical gain for direct band transition in n-type Ge are calculated. It is shown that 
direct band transition in Ge can be improved strongly with large tensile strain and 
electron band filling. And a strong optical gain is predicted, which is comparable to 
those of Ⅲ-Ⅴ materials. 
2. High quality Ge thin films are epitaxially grown on Si with a low temperature 
self-patterned Ge coalescence islands in UHV/CVD system. The threading dislocation 
density is measured to be lower than 1x106cm2 and the root-mean-square (RMS) 
surface roughness is about 0.45 nm in 10 m x 10 m area measured by AFM. 
3. Phosphorus diffusion behaviors in in situ doped Ge epilayers on Si substrate 
are investigated. The in situ doped phosphorus diffusion mechanism in Ge epilayer 
can be well described with a diffusion model including a diffusivity dependence on 
the cubic of carrier concentration due to the PV2- assisted diffusion. The extracted 
phosphorus diffusivity into the intrinsic Ge layer is higher than that into the 














of charged vacancies can be generated in the boron-doped Ge epilayer due to the point 
defect engineering. A Ge n/p junction is fabricated with the in situ doping technique 
by inserting an intrinsic Ge layer between n- and p-Ge layers to avoid impurity 
compensation, realizing a good rectification ratio of 1.84x102. Room temperature PL 
indicate that the direct gap light emission is enhanced with heavily n-type doping 
concentration.  
4. The SiGe-on-insulator/Ge-on-insulator (SGOI/GOI) materials fabricated by 
Ge condensation technique are investigated. The non-homogeneity of SiGe on 
insulator is observed after a long time oxidation and annealing due to an increased 
consumption of silicon at the inflection points of the corrugated SiGe film 
morphology, which happens in the case of the rough surface morphology, with lateral 
Si atoms diffusing to the inflection points of the corrugated SiGe film. To overcome 
this problem, the strained SiGe on SOI substrate with smooth surface is required, and 
the 12 nm GOI material with high crystal quality is successfully prepared by Ge 
condensation process. 
5. An novel approach to introduce a large biaxial tensile strain in an ultra-thin 
germanium-on-insulator (GOI) using selective oxidation of SiGe epilayer on 
silicon-on-insulator (SOI) substrate is proposed. We present high crystal quality GOI 
materials with a biaxial tensile strain larger than 0.6%, which is atributed to the 
thermal mismatch between Ge and the surrounded dielectrics, as simulated by 
ANSYS. Direct band photoluminescence of the GOIs are significantly enhanced and 
the peak position shifts to longer wavelength as compared to that from bulk Ge due to  
the tensile strain-induced band gap reduction and quantum confinement effect.  
6. Some issues for designing SiGe/Ge/SiGe PIN heterostructure light emitting 
diode are discussed. The band diagram and carrier distribution of the heterostructure 
light emitting diode is simulated by Silvaco. The PIN heterostructure diode was 
fabricated with the formation of Ge active layer by Ge condensation technique, and  
I-V characteristics are discussed. 
Keywords: Band engineering; Tensile strained Ge; Ge-on-Si; SGOI/GOI; Room 
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自从 1947 年 12 月 16 日，世界上第一支晶体管诞生以来，微电子技术一直
成功地按照摩尔定律预测的趋势发展，即集成电路的集成度每 18 个月增长一倍，
而价格则相应地降低一半。但是，随着集成电路集成度的不断提高，器件的尺寸
将越来越小——根据国际半导体技术蓝图 (ITRS) 2011 年发布的半导体技术路















学的研究人员在 nature 上发表了基于 SOI 波导微环谐振器的纳秒级全光开关[3]；
2008 年，Nature Photonics 报道了 GeSi 雪崩光电探测器，其增益带宽达到 340 
GHz，性能达到了目前商用的Ⅲ–Ⅴ族化合物光电探测器的水平[5]；2011 年 Gardes





















图 1-1 硅基光电集成所需的几大组成模块[3] 
 
为了实现硅基高效发光材料与器件，自 2000 年以来，全球科学家经过不懈
努力，也取得了一系列的研究成果。如意大利科学家 L. Pavesi 等[7]在离子注入











1.2 Si 基 Ge 材料发光性质及器件研究进展 
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